ABSTRACT: The present study examines the genetic diversity (using cytochrome c oxidase subunit I [COI] haplotypes) of polychaete Hediste diversicolor populations in the Amvrakikos Gulf (western Greece) in order to test Cognetti's hypothesis on the formation of distinct isolated populations of species living in stressed transitional water habitats. To this purpose, the intraspecific diversity of H. diversicolor and the similarities among its populations in the brackish water habitats of the Eastern Mediterranean were investigated. Samples were collected from the lagoonal complex of Amvrakikos Gulf in 2010 and 2011. Analysis showed that populations in the Amvrakikos Gulf share unique haplotypes which are distinct from the haplotypes hitherto reported, suggesting that these populations are highly isolated. This evidence partially supports Cognetti's hypothesis. The results indicate that the genetic differentiation in the studied populations was probably caused by the complete isolation of the gulf and periodic hypoxic conditions during its formation history. The occurrence of unique haplotypes in the gulf underlines the importance of considering genetic diversity in the design of long-term biodiversity management and conservation plans.
INTRODUCTION
Several authors have pointed out that species are able to adapt under stressful environmental conditions (e.g. Garrity 1984 , Hermes-Lima & ZentenoSavín 2002 , Sanford & Kelly 2011 . In 1992, Cognetti stated that in the populations living in stressed water habitats, the genotypes allowing survival dominate over all others. These genotypes may create new populations with limited gene flow. These populations gradually become distinct, and in some cases they are driven to reproductive isolation, which may ultimately lead to speciation (Cognetti & Maltagliati 2000 , Schluter 2001 . Reproductive isolation between populations can be favored by local adaptation of organisms to the environmental attributes of their habitat (Schluter 2001) . The characteristics of the transitional water systems can have a severe effect on the isolation of populations (Kelly et al. 2006) . The physicochemical profile of these systems can act as a barrier to gene flow and the dispersal of the individuals (Bilton et al. 2002 , Marshall et al. 2010 . However, isolation of populations by environment is not easy to determine (Sexton et al. 2014) .
Lagoons are considered as highly dynamic ecosystems (Cañedo-Argüelles et al. 2012 , Duck & da Silva 2012 , Pérez-Ruzafa & Marcos 2012 . They experience strong variance in their physicochemical variables (Arvanitidis et al. 2005 , Duck & da Silva 2012 , Pérez-Ruzafa & Marcos 2012 , hydrology and material in -flows (Viaroli et al. 2007 , Chapman 2012 , Guilhaumon et al. 2012 . Mediterranean lagoons often suffer from dystrophic crisis events (Guelorget & Perthuisot 1992) . The events are characterized by extremely high concentrations of organic matter, which in turn, increase microbial biomass. The excess rates of microbial respiration activity cause tremendously high oxygen consumption rates, leading to oxygen depletion and to mass mortality of the higher taxa populations (Vignes et al. 2009 ). Only a few species are able to tolerate these conditions (Cognetti & Maltagliati 2000 , Chapman 2012 . Mediterranean lagoons are often subject to anthropogenic activities (Duck & da Silva 2012) , which, along with natural disturbance, may shape the environmental conditions of the ecosystems (Viaroli et al. 2007 ).
The lagoonal complex of Amvrakikos Gulf is one of the largest and most important Greek wetlands and is protected under the Ramsar convention. Dystrophic events have often been reported in the gulf (Kormas et al. 2001 , Reizopoulou & Nicolaidou 2007 . Its formation history is similar to the formation of the Mediterranean and Black Seas in that there were periods of complete or partial (via narrow straits) isolation from the Ionian Sea (Avramidis et al. 2014 ). This eventful geological history of the Amvrakikos Gulf may have influenced the marine populations living there.
The nereidid polychaete Hediste diversicolor (O. F. Müller, 1776) is one of the dominant species found in the Amvrakikos lagoons (Reizopoulou & Nicolaidou 2004) . This species is a common inhabitant of lagoons and estuaries (Scaps 2002) , appears to be the most euryhaline (Kristensen 1983 ) and tolerant to heavy metals (Hateley et al. 1992) compared to the other nereidid species and is considered to be very wellstudied in terms of both life-cycle and genetic diversity. Morphological and physiological differences across populations from different geographical ranges have been noted, as the populations in southern Europe appear to reach the reproductive stage earlier than the populations in northern Europe (Scaps 2002) . The species shows limited dispersal ability due to larval incubation by the female and the lack of a pelagic phase (Scaps 2002 , PolytraitsTeam 2013 (Faulwetter et al. 2014 ).
H. diversicolor is considered to be cosmopolitan; however, high intraspecific diversity has been observed (Cossu et al. 2012) . Audzijonyte et al. (2008) provided evidence for the existence of 2 cryptic species in the Baltic Sea, noted as Species A and Species B. Species A occurs mostly off the European Atlantic coast while for Species B, the authors suggested a recent introduction from the northwest Atlantic. However, Virgilio et al. (2009) found haplotypes of Species B in the Mediterranean, Black and Caspian Seas and argued for its introduction from these areas to the Baltic. Recently, unique haplotypes have been reported from the Gulf of Maine in North America (Einfeldt et al. 2014) . These haplotypes are assumed to have been introduced into North American waters anthropologically from unknown populations off the European Atlantic coast and were characterized as being older than the ones identified by Audzijonyte et al. (2008) .
The present study focuses on testing Cognetti's (1992) hypothesis that in transitional water ecosystems, isolated populations of species with limited dispersal potential may form distinct populations or even cryptic species (in extreme cases). In this study, the intraspecific diversity of H. diversicolor populations in eastern Mediterranean transitional ecosystems was examined, along with the extent of their isolation.
MATERIALS AND METHODS
The sampling area was located in Amvrakikos Gulf (western Greece) (Fig. 1) . At the northern part of the Gulf, the Arachthos and Louros Rivers form a lagoonal complex. Hediste. diversicolor occurs in Rodia (39°4' N, 20°48' Ε), Tsoukalio (39°3' N, 20°48' Ε) and Tsopeli (39°2' N, 20°46' E) Lagoons. Rodia is an internal lagoon, connected to Tsoukalio Lagoon through a narrow opening of 15 m width. Tsoukalio is separated from the sea by sand barriers with narrow openings allowing limited water exchange. Tsopeli is a small lagoon at the mouth of Louros River without any obvious source of pollution and less intensive anthropogenic activities as compared to the other lagoons. Samples were collected during 2010 and 2011.
Faunal samples were collected by a modified, manually operated, box-corer. Polychaetes were sorted in situ and all individuals were preserved in 95% ethanol. The taxonomic identification of H. diversicolor species was carried out by using the recent taxonomic key by Viéitez (2004) . No size criterion was used for the H. diversicolor specimens. Morphometric data of the indi viduals were recorded during their taxonomic identification; however, they were not found to play an important role in the present analysis.
DNA from the polychaetes was isolated using a phenol/chloroform/isoamyl alcohol protocol. A fragment of cytochrome c oxidase subunit I (COI) gene (~304 bp) was amplified and sequenced using the primers COIHedF (5'-ATG ATC AGG CCT TCT AGG-3') and COIHedR (5'-GGT GTT GGT AAA GGA TGG-3') designed for this study. Amplification reactions were of 30 µl final volume and contained 3 µl DNA template, 1 µl 10 × PCR buffer, 3.5 mM MgCl 2 , 0.6 µl dNTPs (100 mM), 0.75 µl of each primer (10 mM), 0.1 µl KAPATaq DNA Polymerase (KAPA BIOSYSTEMS) and double-distilled water to the final volume. PCRs were carried out under the following thermal conditions: 94°C for 5 min; 36 cycles at 94°C for 1 min, 53°C for 2 min, 72°C for 1 min; 72°C for 3 min. Amplification products were sequenced in ABI3730 at the Genetics Lab of the Hellenic Centre for Marine Research. Sequences of different haplotypes acquired were submitted to GenBank (accession numbers are provided in Table S1 of the Supplement; at www.int-res.com/ articles/ suppl/ b025 p007_ supp. pdf). In total 87 individuals were sequenced.
The hitherto available sequences of COI gene from the European populations of H. diversicolor were downloaded from GenBank. Accession numbers of sequences used are shown in Table S1 in the Supplement. Sequences acquired from the database were all obtained from samples originating from polychaete samples of European transitional eco systems. The sampling locations are distributed in the Baltic and North Seas, Atlantic Ocean, Mediterranean, Black and Caspian Seas. (Audzijonyte et al. 2008 , Virgilio et al. 2009 ).
All sequences were aligned in MEGA v5 software with Clustal W algorithm (Tamura et al. 2011) . Only the unique haplotypes (GenBank and Amvrakikos sequences; 121 sequences in total) were used for the Bayesian analysis. Bayesian analysis was carried out with MrBayes (Huelsenbeck & Ronquist 2001) , and the generalised time reversible (GTR) substitution model with gamma-distributed rate was chosen. Metropolis coupled Markov chain Monte Carlo (MCMCMC) was run for 10 million generations, trees were sampled every 1000 generations and 5000 trees were discarded. The sequences of H. atoka and H. japonica were used as an outgroup. The default values of MrBayes were chosen for all settings for MCMCMC analysis.
GenBank sequences originating from the Adriatic Sea (Lecce, Lamone, Pialassa, Croatia) were selected for the analysis in order to clarify the connectivity and phylogenetic distances of the Amvrakikos population to other populations of the eastern Mediterranean basin. Data from the Black Sea were also included due to the similarity in its formation history to the Amvrakikos Gulf. Median-joining phylogenetic networks were created with NETWORK 4.6.1.1 (Fluxus Technology). Haplotype (H d ) and nucleotide (π) diversity indices were calculated and neutrality tests (Fu's F, Fu 1997 and Tajima's D, Tajima 1989) were applied in an attempt to assess whether the populations have experienced a recent expansion or have been subjected to a recent bottleneck or purifying selection (Lorenzo-Carballa et al. 2012) . The significance of the values obtained was tested by random permutation using 1000 replicates. The ARLE- To estimate the isolation of populations, the pairwise fixation index (F ST ) was calculated. Analysis of molecular variance (AMOVA) was used to de termine the variance between populations and within populations from the Amvrakikos Gulf, Adri atic and Black Seas. To test the significance in the intra-and interpopulation variance, 1023 permutations were used. The AMOVA analysis was performed using ARLE-QUIN v.3.5 (Excoffier & Lischer 2010).
Non-metric multidimensional scaling analysis (nMDS) was applied to give an estimation on the comparison between the populations based on haplotype frequencies from the Amvrakikos Gulf, Adriatic and Black Sea populations. The similarities were determined using the Bray-Curtis similarity index. PRIMER6 v.6.1.8 (Clarke & Gorley 2006) was used (see Fig. S1 in the Supplement).
RESULTS
Bayesian analysis was applied to the aligned sequences of Hediste diversicolor (Fig. 2) . The analysis shows that the haplotypes from the Amvrakikos lagoons have formed a distinct and strongly supported (posterior probability [PP] equal to 100%) clade within the eastern Medi terranean clade (E Med clade). The E Med clade (PP = 99%) also includes the sequences from the Adriatic Sea (Croatia, Lecce, Lamone and Pia lassa), where the populations are found to share similar haplotypes. Moreover, the analysis shows most of the haplotypes from the Black Sea populations to be differentiated from those from the Mediterranean, the Atlantic, the North Sea and Kattegat, but some of them are grouped with populations from the Caspian and Baltic Seas.
A median-joining haplotype network was created based on the sequences included in the E Med clade of the tree created by the Bayesian analysis and the sequences from the Black Sea (Fig. 3) . On the network, the haplotypes were clustered into 3 haplogroups: one including the haplotypes from the Adriatic Sea, a second one with the sequences from the Black Sea and a third one with the haplotypes from Amvrakikos Gulf. The group with the haplotypes from the Adriatic Sea included the populations from Lamone, Lecce and Croatia, which share the same haplotype. The same haplotype was also found in the Pialassa lagoon population. However, 2 more haplotypes were ob served in the latter lagoon. The haplotypes from the Black Sea form a complex haplogroup consisting of 8 different haplotypes. The maximum distance among the Black Sea haplotypes was estimated to be 27 mutational steps, while the distance between the most frequent haplotypes of the Black and Adriatic Seas was calculated to be 31 mutational steps. The population from Greece showed clear separation from the rest. The distance between the most frequently occurring haplotypes in the Adriatic Sea and the Amvrakikos Gulf was found to be 12 mutational steps. The existence of 2 different haplotypes in the Greek lagoons in our study is evident, with one of them being dominant. These haplotypes are unique in that they have never been reported from any other place so far.
The haplotype and nucleotide diversity indices (H d and π) and neutrality tests (Tajima's D and Fu's F) were calculated for the populations of Amvrakikos Gulf, Black and Adriatic Seas (Table 1) . Both H d and π showed low scores for the samples from Amvrakikos Gulf (Table 1) . For the Pialassa population the H d was relatively high but π was low (Table 1) . Both indices were high for the Black Sea population (Table 1) . Only the Tajima's D value for the Amvrakikos population was found to be significant (p < 0.05). The negative D value is indicative of a recovery from a bottleneck (or recent expansion or purifying selection) in the population. Both indices show negative values for the Amvrakikos population, whereas they show positive values for the Black and Adriatic Sea populations.
Pairwise F ST values were estimated between the different populations (Table 2 ). It should be pointed out that the significant values were remarkably high (> 0.65) between Amvrakikos and all the other locations. The significant values between the Black Sea and the Adriatic locations (Pialassa, Lecce, Lamone and Croatia) were > 0.25.
Results of the AMOVA analysis showed that ca. 61% of genetic polymorphism was due to differences between the groups (Table 3) . F ST (0.66) and F CT (0.61) were found to be high (> 0.5). 
DISCUSSION
Based on our results, the intra-population diversity of Hediste diversicolor in the Greek lagoons is low. Both the low values of H d and π and the nonsignificant value of Fu's F (Table 1) for the Amvrakikos populations suggest either a recent bottleneck event, a founder effect or purifying selection (Lowe et al. 2004 ). However, the strong divergence of the haplotypes renders the founder event scenario less plausible. Moreover, regard less of the exceptions that have been reported in several animal groups, there are few possibilities of purifying selection to be detected on the mtDNA of invertebrates (Galtier et al. 2009 ), inferring that the recovery of the population from a bottleneck event is the most possible explanation. Such events have most probably occurred several times in the past in the studied area, as the lagoons are frequently subject to anoxic crises in the period ranging from the end of summer to the end of autumn, during which time a great number of individuals may well die. The phenomenon is not new in the area. Avramidis et al. (2014) pointed out hypoxic events during the Holocene, indicating that these bottleneck events may have been the result not only of anthropogenic activity but also of natural processes (disturbance). Low genetic diversity in the broader Amvrakikos Gulf area was also reported for the fish Aphanius fasciatus from restriction fragment length polymorphism (RFLP) data, a fact which was attributed to bottleneck processes or to the fluctuating conditions of the lagoonal habitat (Triantafyllidis et al. 2007 ). However, this did not seem to be the case for the crustacean Carcinus aestuarii (Ragio nieri & Schubart 2013). The abovementioned authors ex amined the diversity of the COI gene from the latter species and reported high haplotype diversity within the Amvra kikos populations, which seemed to be in ex pansion. Nevertheless, restricted gene flow, but not complete isolation, was observed between the population from Amvrakikos and the populations of the southern Ionian and Adria tic Seas (Ragionieri & Schubart 2013). However, this crustacean species is characterized by a 6 wk larval pelagic phase (Darling et al. 2008 , Ragionieri & Schubart 2013 , as opposed to H. diversicolor, whose life history does not include such a phase (Polytraits Team 2013 (Faulwetter et al. 2014 ).
The genetic polymorphism was found to be similarly low within the Pialassa population, comparable to that reported by Virgilio et al. (2003) , who examined allozymic patterns from populations of H. diversicolor in the same lagoon. This phenomenon commonly occurs in species inhabiting lagoons where the stressful and fluctuating environmental conditions Röhner et al. 1997) . Our analysis supports the probability of the population size reduction in the Italian lagoon. The results of this study are in accordance with those reported by Virgilio & Abbiati (2004) , who, nevertheless, did not report any bottleneck events for the Pialassa population of H. diversicolor. The Bayesian analysis conducted by Virgilio et al. (2009) suggested the formation of 3 distinct clades: (a) the eastern Mediterranean, (b) the western Mediterranean and Kattegat and (c) the North Sea, Baltic and Atlantic Ocean. The population from Amvrakikos Gulf was ascribed to the Species B and is currently in the process of forming a separate distinct sub-clade within the eastern Mediterranean clade, indicating genetic distinction from the remaining populations of the Adriatic Sea, although they share a common ancestor. The distinction of the Greek haplotypes from those of the Adriatic and the Black Seas was also evident in the phylogenetic network and the AMOVA analysis (Fig. 3, Table 3 ). The population of H. diversicolor in the Amvrakikos Gulf is not the only case found to be genetically distant. Similar results have been reported from microsattelite and COI data of the crustacean Melicertus kerathurus (Pellerito et al. 2009 , Arculeo et al. 2010 . According to the authors, the COI haplotypes from Amvrakikos were not common with any other haplotype obtained during the analysis, suggesting that the population had been isolated for a long time (Pellerito et al. 2009 ).
The gene flow among the locations was demonstrated by the AMOVA analysis (Table 3) and pairwise F ST calculations ( Table 2 ). The population of the Amvrakikos Gulf lagoons appears to be completely isolated, as suggested by the remarkably high values resulting from the aforementioned analysis. The genetic homogeneity of the Adriatic populations was referenced from previous studies on allozyme markers (Virgilio et al. 2003 , Virgilio & Abbiati 2004 . The gene flow be tween the Adriatic and Ionian Seas seems to be limited for several species, such as: Melicertus (Penaeus) 2007) . Isolation between the Ionian and Adriatic Seas has been ascribed to the current circulation in the area combined with differences in salinity, temperature and depth (Ragio nieri & Schubart 2013). Previous studies on H. diversicolor (Hateley et al. 1989 , Abbiati & Maltagliati 1996 , Bilton et al. 2002 , but also on other species such as M. kera thurus, A. fasciatus (Triantafyllidis et al. 2007 , Pellerito et al. 2009 ), have attributed the genetic differentiation to both natural and anthropogenic environmental disturbance (i.e. heavy metals, salinity ranges).
The limited dispersal ability of H. diversicolor, combined with the natural and human disturbance in the lagoonal systems of Amvrakikos Gulf are probably responsible for the differentiation of the local population from the rest and for the potential recent bottleneck or founder event inferred by the results of our analyses. The formation history of the Amvrakikos Gulf, which occurred with limited or no connection at all to the Ionian Sea and with gradual flooding of the Gulf area with seawater, resembles, in this respect, the evolutionary history of the Black Sea (Avramidis et al. 2014 ). This event, along with dystrophic events, could account as the driving forces for the differentiation of the Amvrakikos haplotypes from the rest. The genetic differentiation of populations from different species inhabiting the Amvrakikos Gulf as reported from previous studies (e.g. Arculeo et al. 2010 , Pellerito et al. 2009 ) support this scenario. The genetic isolation of the population, in combination with genetic drift, is responsible for the differentiation of the local population from the other populations used in the analysis. The low haplotypic diversity shows the strong effect of the environmental gradient on H. diversicolor populations in Amvrakikos Gulf, through natural selection. Additional investigation into the matter with the use of The findings of the current study show that there is significant evidence to support in part the hypothesis formulated by Cognetti (1992) : the genetic variability of the populations of H. diversicolor does not support the idea of sibling species but it does support the occurrence of populations in the lagoons of the Amvrakikos Gulf which are distinct from those in the eastern Mediterranean. In addition, the genetic differentiation of the species populations in the Amvrakikos Gulf was most probably caused by the complete isolation of the Gulf and periodic hypoxic conditions during its formation history, combined with the environmental state of the area. The populations in the Amvrakikos Gulf are genetically differentiated from the rest of the eastern Mediterranean region by showing unique haplotypes, thus providing the area with special features that should be seriously considered in the design of successful longterm management and conservation plans, as proposed by Cognetti & Maltagliati (2004 
